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Rotavirus infection of cultured cells induces a progressive increase in plasma membrane permeability to Ca2+. The viral product responsible
for this effect is not known. We have used tunicamycin and brefeldin A to prevent glycosylation and membrane traffic and study the
involvement of viral glycoproteins, NSP4 and/or VP7, in rotavirus-infected HT29 and MA104 cells. In infected cells, we observed an increase
of plasma membrane Ca2+ permeability and a progressive depletion of agonist-releasable ER pools measured with fura 2 and an enhancement
of total Ca2+ content measured as 45Ca2+ uptake. Tunicamycin inhibited the increase in membrane Ca2+ permeability, induced a depletion of
agonist-releasable and 45Ca2+-sequestered pools. Brefeldin A inhibited the increase of Ca2+ permeability and the increase in 45Ca2+ uptake
induced by infection. We propose that the glycosylated viral product NSP4 (and/or VP7) travels to the plasma membrane to form a Ca2+
channel and hence elevate Ca2+ permeability.
D 2005 Elsevier Inc. All rights reserved.
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Many animal viruses produce a lytic infection of the host
cell. Cell lysis is usually the consequence of disturbances in
cell function as a result of viral genome expression and viral
protein synthesis. The main alteration is a progressive
change in membrane permeability to both monovalent and
divalent cations and then to macromolecules of increasing
size. These last ones are provoked by a disruption of
membrane integrity preceding cell death. Two aspects are
fundamental in understanding the mechanisms of cell
permeabilization and lysis by viral infections: (a) the nature
of the cell membrane modifications at the molecular level;
and (b) the identity of the viral products responsible for these
modifications (Carrasco, 1995).0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2004.12.032
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E-mail address: mclr@ivic.ve (M.C. Ruiz).Rotaviruses are non-enveloped viruses belonging to the
Reoviridae family. Their segmented dsRNA genome is
contained within an icosahedral capsid organized in three
concentric layers. The most internal layer is formed by VP2
and encloses the genome that codes for six structural and five
non-structural proteins. The viral protein VP6 is the only
component of the intermediate layer. The outer shell consists
of the glycoprotein VP7 and VP4 that is organized in dimers
to form 60 spikes.
The viral cycle has been mainly studied in cultured
MA104 cells. Rotavirus uses the endoplasmic reticulum
(ER) for its assembly and maturation (Estes, 1996). Double
layer particles (DLP) are assembled in the cytoplasm and bud
into the ER through the interaction between VP6 and the
non-structural viral protein NSP4, which plays the role of a
viral receptor in the ER membrane. NSP4 is a glycosylated
integral ER membrane protein. During the budding process,
viral particles transiently acquire ER membrane containing
VP7. Once inside the ER lumen, there is a selective
segregation of membrane lipids and NSP4, and the outer005) 54–65
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of VP4, a cytoplasmic synthesized protein, is not yet clear
(Delmas et al., 2004). Mature virus is thought to be retained
in the ER and then released by cell lysis (Michelangeli et al.,
1991). However, in differentiated and polarized Caco2 cells
rotavirus particles seem to be released at the apical pole of
the cell without lysis (Jourdan et al., 1997).
Rotavirus infection of cultured cells induces changes in
the homeostasis of calcium that appear to be mediated by the
synthesis of viral proteins (del Castillo et al., 1991;
Michelangeli et al., 1991, 1995). Among these perturbations
we have measured a progressive increase in Ca2+ plasma
membrane permeability, which leads to an elevation of
cytosolic Ca2+ concentration and an enhancement of
sequestered Ca2+ pools sensitive to thapsigargin, an inhibitor
of ER Ca2+ ATPase (Michelangeli et al., 1991, 1995). This
effect is likely due to the activation of ER Ca2+ pumps.
The viral product responsible for the change of Ca2+
permeability is not known. However, NSP4 appears as a
likely candidate given its many effects on Ca2+ homeostasis
(Estes, 2003; Estes et al., 2001; Michelangeli and Ruiz,
2003; Ruiz et al., 2000). Expression of recombinant NSP4 in
insect cells (Sf9) induced a change in Ca2+ concentration,
although without changes in Ca2+ permeability of the plasma
membrane (Tian et al., 1994). Furthermore, inducible intra-
cellular expression of NSP4-EGFP fusion protein in mam-
malian HEK 293 cells elevates basal intracellular calcium
levels more than twofold by a phospholipase C independentFig. 1. Increase in plasma membrane permeability to Ca2+ and decrease in ago
Confluent monolayers of HT29 and MA104 cells grown in 75 cm2 falcon flasks w
Mock-infected cells were kept as controls. At given times post-infection, HT29 (8 H
were loaded with fura 2 for the measurement of [Ca2+]i. Permeability to Ca
2+ in
[Ca2+]i induced by the addition of 5 mM CaCl2 to the extracellular medium, wh
sequestered Ca2+ pools was evaluated using carbachol (10 AM) in HT29 cells or
series are shown (HT29 upper traces, n = 11; HT29 lower traces, n = 13; MA10mechanism (Berkova et al., 2003). In various virus groups,
different proteins are able to induce ionic pathways modify-
ing cell membrane permeability (Gonzalez and Carrasco,
2003). These can be structural or non-structural proteins,
which play a role in the entry mechanism or later during viral
replication and pathogenesis.
In this work, we have studied the possible involvement of
NSP4 (and/or VP7) in the alteration of Ca2+ plasma
membrane permeability induced by rotavirus. We have used
tunicamycin (TM), an N-glycosylation inhibitor, and brefel-
din A (BFA), a compound that blocks protein export from the
endoplasmic reticulum (ER) to the Golgi complex to prevent
normal glycosylation and membrane traffic (Lippincott-
Schwartz et al., 1991; Orci et al., 1991).Results
Infection induces an increase of plasma membrane Ca2+
permeability and a perturbation of Ca2+ pools
We have studied the relationship between infection, Ca2+
permeability, and agonist-releasable Ca2+ pools in HT29 and
MA104 cells loaded with fura 2. In infected cells, the
addition of Ca2+ (5 mM) to the extracellular medium induced
an increase in cytoplasmic Ca2+ concentration ([Ca2+]i),
whereas almost no change was observed in non-infected
cells (Fig. 1, upper traces). Although the increase in [Ca2+]i isnist-releasable Ca2+ pools in rotavirus-infected HT29 and MA104 cells.
ere infected with the OSU strain of rotavirus (see Materials and methods).
PI) and MA104 (7 HPI) monolayers were trypsinized, and cell suspensions
rotavirus (V)- or mock (M)-infected cells was evaluated by the change in
ich initially contained 1 mM Ca2+. The state of filling of agonist sensitive
ATP (250 AM) in MA104 cells. Results of a representative experiment of a
4 upper traces, n = 21; MA104 lower traces, n = 9).
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processes, the change in [Ca2+]i during the first few seconds
reflects the state of plasma membrane permeability (Perez et
al., 1999). Actinomycin D added at one post-infection had no
effect on the increase of Ca2+ permeability induced by
rotavirus infection in MA104 cells (results not shown).
Therefore, we may conclude that during rotavirus infection
there is an increase of Ca2+ permeability related to the
synthesis of a viral product and not to the de novo synthesis
of a cellular protein.
To evaluate the state of filling of agonist sensitive
sequestered Ca2+ pools we used carbachol or ATP in
HT29 and MA104 cells, respectively. These cells express
specific muscarinic and purinergic receptors to these
agonists. As observed in Fig. 1 (upper traces), carbachol
or ATP added to infected or non-infected cells after the 5-
mM Ca2+ pulse caused a fast rise in [Ca2+]i corresponding
mostly to the release of stored Ca2+. The amount of Ca2+
released by the agonists in infected cells was considerably
lower than in controls. However, the peak [Ca2+]i attained
was rather similar in non-infected and infected cells and
for both cell types due to the fact that the starting level
was much higher in the infected cells. This decrease of
store size in infected cells could be better observed when
carbachol was added first as seen in the lower traces (Fig.
1). The peak [Ca2+]i in infected cells was much lower than
in non-infected ones. This effect was more evident in
HT29 than MA104 cells. As observed in the same traces,
after agonist stimulation the addition of 5 mM Ca2+ to the
extracellular medium provoked a new increase in Ca2+
concentration in infected as well as in non-infected cells.
In the case of non-infected cells, we could at this point
measure a sizable Ca2+ permeability. This increase of
permeability in control cells could be linked to store
depletion induced by the agonist that activates a capaci-
tative channel and Ca2+ entry (Carafoli, 2002). In the case
of infected cells, Ca2+ entry after agonists was higher than
in mock-infected cells, suggesting the participation at least
two pathways: the capacitative and virus-induced channels
in parallel.
Tunicamycin inhibits the increase of plasma membrane
Ca2+ permeability induced by rotavirus infection
Perturbation of Ca2+ homeostasis during rotavirus infec-
tion has been linked to the synthesis of a viral product
(Michelangeli et al., 1991). On the other hand, expression of
the glycoprotein NSP4 has been associated to the increase in
[Ca2+]i (Tian et al., 1994). Therefore, we have used
tunicamycin to prevent glycosylation of viral proteins and
assess the putative involvement of NSP4 (and/or VP7) in this
effect. We measured cytosolic Ca2+ concentration, plasma
membrane Ca2+ permeability, and the state of Ca2+ pools in
HT29 and MA 104 cells.
Tunicamycin had no effect on the plasma membrane Ca2+
permeability or the state of the Ca2+ pools of mock-infectedHT29 and MA104 cells (Fig. 2, upper traces). However, this
drug had a striking effect on rotavirus-infected cells. Treat-
ment of infected cells with tunicamycin reduced the rise in
[Ca2+]i upon addition of 5 mM Ca
2+ to the extracellular
medium (Fig. 2, upper traces).
The results of a series of experiments in both cell types are
analyzed in Fig. 3. We have to point out that the experiments
in MA104 cells were performed at 5 h post-infection since
tunicamycin reduces cell viability in infected cells at longer
times. Plasma membrane permeability is evaluated measur-
ing the concentration of Ca2+ attained after the addition of 5
mM Ca2+ (Figs. 3A and B) and calculating the initial rate of
change of [Ca2+]i (dCa
2+/dt; Figs. 3C and D). Although
almost no change in basal [Ca2+]i could be detected in virus-
infected cells at these early times post-infection, we already
observed a significant increase in the initial rate and the
maximal [Ca2+]i attained after the Ca
2+ pulse elicited by
virus infection in HT29 and MA104 cells. Tunicamycin
significantly reduced the increase in [Ca2+]i attained after the
Ca2+ pulse and the initial rate in rotavirus-infected cells,
corresponding to a partial inhibition of virus-induced Ca2+
permeability in both cell lines.
To evaluate the effect of tunicamycin on the state of filling
of agonist sensitive sequestered Ca2+ pools we induced the
release of stored Ca2+ with carbachol or ATP (Fig. 2). When
the agonists were added after the 5-mM Ca2+ pulse (Fig. 2,
upper traces), the [Ca2+]i attained in rotavirus-infected cells
treated with tunicamycin was much smaller than that elicited
in untreated infected cells. When carbachol or ATP were
added in normal extracellular Ca2+ concentration, the effect
of tunicamycin was even more evident (Fig. 2, lower traces
and Figs. 3E and F). Therefore, in rotavirus-infected cells
tunicamycin induced a further depletion of Ca2+ pools
sensitive to agonists, whereas no effect was observed in
mock-infected cell.
The addition of 5 mM Ca2+ after stimulation with
carbachol or ATP leads to an increase in Ca2+ concentration
in mock- and rotavirus-infected cells treated or not with
tunicamycin. However, as in the case of Fig. 1, the increase
in Ca2+ concentration in mock-infected cells was small and
probably attributable to capacitative Ca2+ entry. In the case
of virus-infected cells [Ca2+]i increase was much larger than
that observed in mock-infected cells, which we have
associated above to the activation of a virus-induced
pathway and capacitative Ca2+ entry. In rotavirus-infected
cells tunicamycin treatment reduced Ca2+ entry after agonists
with respect to untreated ones (Fig. 2, lower traces). This
confirms the inhibition by tunicamycin of virus-induced
Ca2+ permeability.
In previous reports we showed that Ca2+ pools measured
as 45Ca2+ uptake progressively increased during the viral
cycle (Michelangeli et al., 1991, 1995). This increase was
sensitive to thapsigargin an inhibitor of the SERCA pump,
indicating that Ca2+ was accumulated in the ER during
infection. To evaluate the effect of tunicamycin on total Ca2+
pools during the viral cycle, we measured 45Ca2+ uptake in
Fig. 2. Effect of tunicamycin on plasma membrane permeability to Ca2+ and on agonist-releasable Ca2+ pools in rotavirus- or mock-infected HT29 and MA104
cells. Confluent monolayers of HT29 and MA104 cells grown in 75 cm2 falcon flasks were infected (V) as described (see Materials and methods). Mock-
infected cells (M) were kept as controls. At 1 h post-infection the inoculum was removed and the replaced by a medium with or without tunicamycin (TM;
5 Ag/ml). At given times post-infection, HT29 (7 HPI) and MA104 (5 HPI) monolayers were trypsinized and cell suspensions were loaded with fura 2 for the
measurement of [Ca2+]i. Permeability to Ca
2+ and the state of filling of agonist sensitive sequestered Ca2+ pools were evaluated as described in Fig. 1. Traces of
a representative experiment for each cell type are shown (HT29 upper traces, n = 6; HT29 lower traces, n = 5; MA104 upper traces, n = 11; MA104 lower
traces, n = 4).
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an increase of 45Ca2+ uptake (Fig. 4). The presence of
tunicamycin blocked this increase of 45Ca2+ uptake.
The tunicamycin effect was dependent on the time of
addition of the agent (Fig. 5). When tunicamycin was
added at 1 h post-infection and 45Ca2+ uptake was
measured at 8 h post-infection, there was a complete
reduction of the amount of 45Ca2+ taken up by the cell as
already observed in Fig. 4. When tunicamycin was added
later in the viral cycle the effect faded out observing a
small inhibition if the agent was added at four post-
infection and no effect at 6 h. It should be pointed out that
tunicamycin had no effect whatsoever on 45Ca2+ uptake in
mock-infected cells up to 8 h of incubation. These results
indicate that in infected cells under tunicamycin treatment
the ER is unable to accumulate Ca2+ above the mock-
infected cell values.
The results suggest that the synthesis of a glycosylated
viral product accumulated during the first 4–6 h post-
infection is related to the increase in Ca2+ permeability and
45Ca2+ uptake. Since tunicamycin reduces Ca2+ permeability
induced by infection, the amount of Ca2+ that can be taken up
from the cytoplasm into the ER may be decreased. This
interpretation is further supported by earlier results obtained
in our laboratory in which cycloheximide, but not actino-mycin D, inhibited virus infection-induced 45Ca2+ uptake
when it was added at 1 HPI but not later after 5 HPI
(Michelangeli et al., 1991).
The evaluation of Ca2+ pools releasable by agonists as
measured by fura 2, or by 45Ca2+ uptake, suggests an
apparent contradiction. In the first case the amount of Ca2+
released by agonists tends to decrease (specially in HT29)
whereas there is a striking accumulation of 45Ca2+ in the
infected MA104 cell. The difference may be in the fact that
the first method measures free Ca2+ whereas the other
estimates total Ca2+ content sensitive to thapsigargin.
Brefeldin A inhibits the increase of Ca2+ permeability in
rotavirus-infected cells
To evaluate the possibility of a protein traveling to the
plasma membrane via the secretory pathway to increase Ca2+
permeability, we studied the effects of brefeldin A, an
inhibitor of protein traffic between the ER and the Golgi
complex (Lippincott-Schwartz et al., 1991). We measured
Ca2+ permeability and agonist-releasable Ca2+ pools in fura
2 loaded HT29 and MA104 cells. Brefeldin A added from
1 h post-infection induced a partial inhibition of Ca2+
permeability in rotavirus-infected cells as evaluated by the
addition of a 5-mM extracellular Ca2+ pulse (Fig. 6, upper
Fig. 3. Analysis of the effect of tunicamycin on plasma membrane permeability to Ca2+ and on agonist-releasable Ca2+ pools in rotavirus- or mock-infected
HT29 and MA104 cells. In this figure we present a quantitative study of the experiments performed as in Fig. 2. In A and B, plotted data correspond to the
mean F standard error of the mean (SEM) of basal and maximal Ca2+ concentration before and after the addition of 5 mM Ca2+ to the extracellular medium in
rotavirus-infected or non-infected HT29 (A) or MA 104 (B) cells in the presence or absence of tunicamycin. In C and D, plotted data correspond to the meanF
standard error of the mean (SEM) of initial rate of [Ca2+]i change induced by the addition of 5 mM CaCl2 to the extracellular medium (in A, B, C, and D,
protocol corresponding to upper panels of Fig. 2; 6 sets of independent experiments for HT29 cells; 11 sets for MA104 cells). In E and F the experiments were
performed as described in lower panels of Fig. 2. Data presented correspond to the meanF SEM of the variation of cytosolic Ca2+ concentration induced by the
addition of 10 AM carbachol (E) or 250 AMATP (F) in rotavirus-infected or non-infected HT29 (E) and MA104 cells (F). The value corresponds to the mean of
[Ca]max  [Ca]basal, where [Ca]basal and [Ca]max are the basal and maximal levels attained before or after the addition of the agonist in the different conditions
(five sets of independent experiments in E and 4 sets in F).
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as the maximal [Ca2+]i attained after the Ca
2+ pulse was
reduced in rotavirus-infected cells. This effect was better
observed in MA104 cells (Figs. 7A–D). Brefeldin A did not
modify the rate of entry in non-infected cells (Fig. 6, upper
traces; Figs. 7C and D).As shown in Figs. 1 and 2 virus infection decreased the
amount of Ca2+ mobilized by agonists. However, in infected
cells brefeldin A did not affect the state of filling of agonist
sensitive sequestered Ca2+ pools beyond the effect of
infection itself (Fig. 6, lower traces). The change in [Ca2+]i
induced by the release of stored Ca2+ elicited by carbachol or
Fig. 4. Time course of the effect of tunicamycin on 45Ca2+ uptake.
Intracellular Ca2+ pools were evaluated by 45Ca2+ uptake in mock (M) and
rotavirus-infected (V) cells in the presence or absence of tunicamycin (Tm).
Confluent monolayers of MA104 cells in 24-well plates were rotavirus
infected (see Materials and methods). Tunicamycin (5 Ag/ml) was added at
1 h post-infection, and 45Ca2+ uptake measurements were performed at
different hours post-infection. The time of uptake was 10 min. The counts
obtained in virus-infected cells were normalized to mock-infected cells. The
values correspond to the mean F SEM of 20 measurements (five
experiments and four replicates in each condition). Values at 8 h post-
infection on virus-infected cells treated with tunicamycin were statistically
different from virus-infected cells without drug ( P b 0.001, paired t test).
Fig. 5. Effect of tunicamycin added at different hours post-infection on
45Ca2+ uptake in rotavirus- or mock-infected MA104 cells. The experiments
were performed as in Fig. 4. In this series of experiments, tunicamycin (5 Ag/
ml) was added at 1, 4, or 6 hours post-infection, and 45Ca2+ uptake was
measured at 8 h post-infection. Values correspond to the mean F SEM of
eight measurements (two experiments and four replicates in each condition).
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virus or mock-infected cells, respectively (Figs. 6 and 7E and
F). Therefore, brefeldin A inhibits Ca2+ permeability of
virus-infected cells without affecting agonist-releasable Ca2+
pools.
The addition of 5 mM Ca2+ after stimulation with
carbachol or ATP leads to an increase in Ca2+ concentration
in all conditions due to different components. The increase
in Ca2+ concentration in brefeldin A treated or untreated
mock-infected cells was small and probably due to
capacitative Ca2+ entry. Again, the increase in virus-infected
cells was large and reflected Ca2+ entry due to the activation
of a virus-induced pathway and a capacitative component. In
virus-infected cells treated with brefeldin A the permeability
was rather small and similar to the mock-infected cells. This
may suggest that brefeldin A inhibits the viral-activated
component. The remnant permeability is perhaps due to
capacitative entry linked to the depletion of stored Ca2+
pools.
We have also evaluated the effect of brefeldin A on total
Ca2+ pools during the viral cycle, by measuring 45Ca2+
uptake at 8 h post-infection (Fig. 8). Rotavirus infection of
MA104 cells induced, in this series of experiments, an
increase of Ca2+ uptake more than threefold with respect to
the normalized value for mock-infected cells. The incubation
in the presence of brefeldin A (8 AM) added from 1 h post-
infection inhibited the increase in 45Ca2+ uptake induced by
infection, whereas brefeldin A had no effect in mock-
infected cells. We also studied the effect of ATP as a Ca2+
mobilizing agonist from the ER on 45Ca2+ uptake. Incubation
with ATP (250 AM), during the last 30 min period beforemeasurements at 8 h post-infection, did not induce a
significant reduction of 45Ca2+ uptake in rotavirus- or
mock-infected cells.Discussion
Calcium plays a critical role in the control of numerous
cellular processes, both in physiological conditions and
pathological states. The regulation of cytosolic Ca2+
concentration is a complex concert of events requiring the
intervention of multiple pathways and mechanisms control-
ling influx and efflux. Calcium influx into the cytoplasm is
the result of either Ca2+ release from intracellular stores (ER)
via IP3 or ryanodine-sensitive channels, or Ca2+ influx
across the plasma membrane through a variety of Ca2+-
permeable channels. Calcium efflux from the cytoplasm is
the result of Ca2+ uptake by Ca2+ pumps of the ER (SERCA
pump) and other transport mechanisms in other organelles,
and extrusion by the Ca2+-ATPase and other transporters like
Na+/Ca2+ exchange located at the plasma membrane
(Carafoli, 2002).
Rotavirus infection of cultured cells affects several of
these mechanisms. The end result is a progressive rise in
cytosolic Ca2+ concentration. This arises as a primary event
from an uncompensated increase in Ca2+ permeability of the
plasma membrane (Michelangeli et al., 1991; Perez et al.,
1999; Ruiz et al., 2000). The rise of [Ca2+]i leads to an
enhancement of sequestered 45Ca2+, which is sensitive to
thapsigargin (Michelangeli et al., 1995; Thastrup et al.,
1990). The increase of Ca2+ permeability of the plasma
membrane seems to be associated to the synthesis of a viral
product.
This paper extends previous findings and provides insight
into the mechanisms by which rotavirus infection increases
Ca2+ permeability. In initial experiments (Fig. 1) we found
Fig. 6. Effect of brefeldin A on plasma membrane permeability to Ca2+ and on agonist-releasable Ca2+ pools in rotavirus- or mock-infected HT29 and MA104
cells. Confluent monolayers of HT29 and MA104 cells grown in 75 cm2 falcon flasks were infected (see Materials and methods). Mock-infected cells were
kept as controls. At 1 h post-infection the inoculum was removed and replaced by a medium with or without brefeldin A (8 Ag/ml). At 7 h post-infection,
measurement of [Ca2+]i was performed by fura 2 fluorescence. Permeability to Ca
2+ and the state of filling of agonist sensitive sequestered Ca2+ pools were
evaluated as in Fig. 2. Traces of a representative experiment of a series are shown (rotavirus (V)- or mock (M)-infected cells; HT29 upper traces, n = 5; HT29
lower traces, n = 8; MA104 upper traces, n = 10; MA104 lower traces, n = 5).
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permeability and Ca2+ concentration, infection leads to a
progressive depletion of agonist-releasable ER pools sensi-
tive to thapsigargin, as measured by fura 2 fluorescence. On
the other hand, the Ca2+ content measured by 45Ca2+ uptake
was enhanced along infection and was also sensitive to
thapsigargin. In this case, infected MA104 cells showed a
several fold increase in 45Ca2+ uptake with respect to mock-
infected ones (Michelangeli et al., 1991, 1995), whereas in
HT29 cells it was small, attaining 1.5-fold (results not
shown).
These results taken together appear contradictory. How-
ever, the two approaches may be measuring different ER
pools both sensitive to thapsigargin. Agonists acting through
IP3 liberate readily accessible free Ca2+ from the ER whereas
45Ca2+ uptake estimates Ca2+ content both free and buffered
inside the ER and other organelles. The sensitivity of 45Ca2+
uptake to thapsigargin indicates that ER contributes to a
major fraction of intracellular Ca2+. In the ER these twopools, free and buffered, would be in equilibrium.
Thapsigargin induces the emptying of all Ca2+ stores
dependent on the activity of the SERCA pump. On the
other hand, the IP3-dependent agonists may release only a
fraction of these stores. The ability of these agonists to
release Ca2+ may be related to different mechanisms,
among others, compartmentalization of the ER, heteroge-
neity of IP3 receptors in the ER membrane, or down-
regulation or inactivation of agonist receptors at the plasma
membrane level. Furthermore, rotavirus infection could
alter the expression of receptors on the cell surface as
described for other viruses (Gonzalez and Carrasco, 2003;
Neznanov et al., 2001).
Our results suggest that rotavirus infection decreases free
Ca2+ whereas increases Ca2+ bound to buffers inside the ER.
Such buffers may be directly linked to the viral cycle. In this
sense, VP7, which is accumulated during infection inside the
ER, is known to bind Ca2+ (Dormitzer and Greenberg, 1992;
Dormitzer et al., 2000). Other Ca2+ binding cellular proteins
Fig. 7. Analysis of the effect of brefeldin A on plasma membrane permeability to Ca2+ and on agonist-releasable Ca2+ pools in rotavirus- or mock-infected HT29
and MA104 cells. Quantitative study of experiments performed as in Fig. 6. In A and B, plotted data correspond to the meanF standard error of the mean (SEM)
of basal and maximal Ca2+ concentration before and after the addition of 5 mM Ca2+ to the extracellular medium in rotavirus-infected or non-infected HT29 (A)
or MA 104 (B) cells in the presence or absence of brefeldin A. In C and D, plotted data correspond to the meanF standard error of the mean (SEM) of initial rate
of [Ca2+]i change induced by the addition of 5 mM CaCl2 to the extracellular medium (in A, B, C, and D, protocol corresponding to upper panels of Fig. 6; 5 sets
of independent experiments in HT29 cells and 10 sets in MA104 cells). In E and F, the experiments were performed as described in lower panels of Fig. 6. Data
presented correspond to the meanF SEM of the variation of cytosolic Ca2+ concentration induced by the addition of 10 AM carbachol (E) or 250 AMATP (F) in
rotavirus- or non-infected HT29 (E) and MA104 cells (F). The value is the mean of [Ca]max  [Ca]basal, where [Ca]basal and [Ca]max are the basal and maximal
levels attained before or after the addition of the agonist in the different conditions (eight sets of independent experiments in B and 5 sets in D).
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may play a role in the total Ca2+ buffering capacity (Xu et al.,
1998).
The decrease of agonist-releasable ER Ca2+ pools raises
the question as to whether virus infection increases plasma
membrane Ca2+ permeability by activating a capacitativepathway. Our results show that in the two cell types the
emptying of the ER Ca2+ pools by agonists activates a
capacitative channel in mock-infected cells. However, the
increase in Ca2+ permeability observed in virus-infected cells
was much higher than what can be accounted for by the
capacitative component. These results strongly support the
Fig. 8. Effect of brefeldin A and ATP on 45Ca2+ uptake in rotavirus- or
mock-infected MA104 cells. Confluent monolayers of MA104 cells grown
in 24-well plates were infected (see Materials and methods). Mock-infected
cells were kept as controls. Intracellular Ca2+ pools were evaluated at 8 h
post-infection by 45Ca2+ uptake in mock (M) and rotavirus-infected (V)
cells in the presence or absence of brefeldin A from 1 h post-infection or
after treatment with ATP (250 AM) during the last 30 min of the infection
period. The time of 45Ca2+ uptake was 10 min. The counts obtained in
virus-infected cells were normalized to mock-infected cells. The values
correspond to the mean F SEM of 12 measurements (four experiments and
three replicates in each condition).
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induced by virus infection.
Tunicamycin is an inhibitor of N-glycosylation of ER
proteins. In rotavirus infection it blocks VP7 and NSP4
glycosylation and the production of infectious viral particles,
provoking the accumulation of intermediate enveloped non-
infectious virions in the ER (Petrie et al., 1983; Sabara et al.,
1982). Tunicamycin reduced the increase in plasma mem-
brane Ca2+ permeability induced by rotavirus infection and
the size of the pools releasable by agonists measured by fura
2, as well as those measured by 45Ca2+ uptake. The use of
tunicamycin to prevent glycosylation of viral proteins
permitted to assess the involvement of NSP4 and/or VP7
in these effects. The inhibition by tunicamycin of the
increase in plasma membrane Ca2+ permeability induced
by rotavirus infection may suggest that a glycosylated viral
protein forms a viral channel or activates a cellular one. In
the first case, the viral protein would traffic from the ER to
the plasma membrane. In this sense, a truncated form of a
recombinant NSP4 expressed in Vero cells corresponding to
the transmembrane segment (1– 89 aa) of the molecule was
able to escape the ER via a brefeldin A-sensitive pathway
and reach the plasma membrane (Mirazimi et al., 2003). One
might speculate that during rotavirus infection some
glycosylated NSP4 molecules could travel to the plasma
membrane after protease cleavage of the cytoplasmic tail
whereas this last one would be secreted to the extracellular
medium by a yet unknown mechanism (Zhang et al., 2000).
On the other hand, the full-length NSP4 molecule has been
recently detected at the plasma membrane in rotavirus-infected cells (Mitchell and Ball, 2004; Storey and Ball,
2004). Alternatively, glycosylation of NSP4 may be
involved in the putative targeting of the full-length NSP4
or an N-terminal peptide to the plasma membrane. In
infected cells treated with tunicamycin, the unglycosylated
NSP4 might be retained in the ER membrane and unable to
travel to the plasma membrane. The accumulation of this
unglycosylated product in the ER might be responsible for
the emptying of Ca2+ pools observed in infected cells treated
with tunicamycin. Perhaps the accumulation of unglycosy-
lated NSP4 occurs normally along infection and might be
responsible for the depletion of the ER pools at the end of the
viral cycle. In this sense, an increase of ER permeability has
been described late during infection in Caco2 cells (Brunet et
al., 2000) and sf9 cells expressing NSP4 (Tian et al., 1995).
The inhibitory effect of brefeldin A on the increase of
permeability elicited by infection found in this paper
supports the hypothesis that protein trafficking of a viral
product is required to increase plasma membrane perme-
ability. Brefeldin A is a fungal macrocyclic lactone which
inhibits protein trafficking in the endomembrane system of
mammalian cells, disassembles Golgi membranes, and
provokes the loss of Cop I coats from the Golgi apparatus
(Lippincott-Schwartz et al., 1991). On the other hand,
brefeldin A promotes retrograde transport of Golgi compo-
nents to the ER. Brefeldin A did not seem to change rotavirus
antigenicity but affected the electrophoretic mobility on the
ER resident VP7 and NSP4 proteins without effect on
cytosolic capsid proteins. As in the case of tunicamycin,
brefeldin A inhibited the production of infectious viral
particles and induced the accumulation of intermediate
enveloped virions in the ER (Mirazimi et al., 1996).
We have also shown here that brefeldin A prevents the
increase of 45Ca2+ pools induced by infection. This may
mean that there is a leak in the ER membrane. The retention
of a putative Ca2+ channel in this compartment could be
responsible for this effect. Alternatively, the alteration of
processing of VP7 may change its conformation affecting the
putative Ca2+ buffering capacity and therefore decreasing the
size of the 45Ca2+ pools.
In conclusion, our results support the hypothesis that a
glycosylated viral product travels to the plasma membrane to
form a Ca2+ channel and hence elevate Ca2+ permeability.
We have interpreted our findings in the light of the effects of
NSP4 on Ca2+ homeostasis. However, we cannot exclude the
intervention of the other glycosylated rotavirus protein VP7
and even cellular proteins, given the fact that different viral
products can interact at the membrane level to modify ionic
permeability. It is known that VP5 and peptides of VP7 are
also able to destabilize membranes and increase permeability
(Charpilienne et al., 1997; Denisova et al., 1999). On the
other hand VP7 has not been detected at plasma membrane
surface but associated to VP4 which was biotinylated at the
surface of the infected cell (Nejmeddine et al., 2000).
The effects of rotavirus infection on plasma membrane
Ca2+ permeability do not appear to be mediated by the de
M.C. Ruiz et al. / Virology 333 (2005) 54–65 63novo synthesis of a cellular protein since these effects were
not blocked by actinomycin D. Further support for this
contention comes from the finding that enhancement of the
sequestered 45Ca2+ pools was not blocked either by this
agent (Michelangeli et al., 1991). Moreover, it is known that
the synthesis of cellular proteins is inhibited in the early
stages of rotavirus infection (Estes and Cohen, 1989; Piron et
al., 1998). However, we cannot at this point completely
discard the intervention of an already present cellular protein
activated by infection. The translation of long-lived cellular
mRNAs could be stimulated as the result of rotavirus
infection. If this were the case, the cellular protein would
be synthesized as an integral ER glycoprotein and traffic to
the plasma membrane by a brefeldin A-sensitive pathway.
Alternatively, the newly synthesized cellular protein could
act as a messenger to stimulate the opening of viral or
preexisting cellular Ca2+ channels. It is clear that lacking so
far identification of the putative channel, a number of
explanations for the results are possible. However, the
simplest unifying hypothesis is that these effects are
mediated by the synthesis of a viral glycoprotein.
Within our hypothesis, NSP4 would be acting as a
viroporin. These are a group of small proteins (~100 aa) that
participate at different stages of the viral cycle and affect
cellular functions, including the cell vesicle system, glyco-
protein trafficking, and membrane permeability (Gonzalez
and Carrasco, 2003; Neznanov et al., 2001). Viroporins have
a hydrophobic transmembrane domain that interacts with the
lipid bilayer. Viroporin oligomerization may give rise to
hydrophilic pores at the membranes of virus-infected cells
enhancing the passage of ions and small molecules (Fischer
and Sansom, 2002; Gonzalez and Carrasco, 2003). Viruses
representative of around 10 viral families have been shown
to express such proteins. Among these, recent research
efforts focus on the actions of the viral proteins influenza
virus M2, poliovirus 2B, alphavirus 6K, HIV-1 Vpu, and
HCV p7, which has been shown to function as a Ca2+
channel (Gonzalez and Carrasco, 2003; Nieva et al., 2003;
Premkumar et al., 2004; Vijayvergiya et al., 2004).Materials and methods
Cell cultures and virus infection
MA104 cells (embryonic rhesus monkey kidney cells,
kindly supplied by J. Cohen) and the colon carcinoma cells
HT29 (from ATCC) were used. MA104 cells were grown in
Minimum Essential Medium (MEM GIBCO cat 61100) and
HT29 cells in Dulbecco’s modified Eagle Medium (DMEM
containing 4500 mg/l glucose form GIBCO, cat 12100) and
maintained as previously described (Michelangeli et al.,
1995).
The OSU strain of rotavirus (porcine, serotype P9[7]G5
[5], kindly supplied by F. Liprandi, Instituto Venezolano de
Investigaciones Cientı´ficas, Caracas, Venezuela) was used inall experiments. Rotaviruses were replicated in MA104 cells
in the presence of trypsin (1 Ag/ml). Infection was carried out
for 1 h at 37 8C. Then, the inoculum was removed, washed
with PBS, and further incubated with MEMwithout fetal calf
serum until complete cytopathic effect. Cell suspensions
were frozen–thawed twice, clarified by centrifugation. Viral
suspensions were treated with 10 Ag of trypsin per ml for 30
min at 37 8C to cleave VP4 (Trypsin Type IX; Sigma).
Infectivity titers of the preparations used were measured by
titration in microplates in MA104 cells and HT29 cells using
anti-VP6 monoclonal antibody (4B2D2) for indirect immu-
nofluorescence staining after methanol fixation and
expressed as fluorescent-focus units (FFU) (Ciarlet et al.,
1995).
Determination of intracellular Ca2+ concentration
MA104 and HT29 cells were seeded in 75 cm2 falcon
flasks at a density of 3  105 cells/flask in minimal essential
medium (MEM) supplemented with 10% fetal calf serum
and used at confluency 5–7 days later. Monolayers were
infected by OSU rotavirus at a multiplicity of infection of
approximately of 20 FFU/cell. At the end of the infection
period, cells were detached from the flask by trypsin
treatment, washed by centrifugation, and resuspended in a
medium containing (in mM): NaCl, 130; KCl, 5; CaCl2, 1;
MgCl2, 1; HEPES, 20 (pH 7.2); and 0.1% albumin (w/v) at
an approximate concentration of 8  106 cells/ml. Cell
suspensions were incubated with 10 AM fura 2 AM with
pluronic (2%) for 30 min, washed twice by centrifugation,
resuspended in buffer, and maintained at room temperature.
For measurements, aliquots of the cell suspension were
newly washed and resuspended in 1.2 ml of the same
medium without albumin. Fluorescence was measured at
37 8C in a spectrofluorometer (Photon Technology Interna-
tional) equipped with stirrer and temperature control.
Excitation wavelengths were 340 and 380 nm, which were
alternatively changed by computer control allowing acquis-
ition of one pair of data per second. Emission was fixed at
510 nm. The ratio of the fluorescent signal measured at 340
and 380 nm was computer determined. Intracellular free
Ca2+ concentration, [Ca2+]i, was calculated according to the
equation described by Grynkiewicz et al. (1985), using an
apparent kDa for fura 2-Ca of 224 nM. Maximal fluores-
cence ratio (Rmax) was determined by addition of digitonin
(80 Ag/ml) to permeabilize cells and minimal fluorescence
ratio (Rmin) by the subsequent addition of 80 mM EGTA in
Tris (0.1 M) pH 7.4 buffer.
45Ca2+ uptake
Cell monolayers were grown to confluency in 24-well
Linbro plates for 3–4 days. At this stage, cells were not
differentiated (Ciarlet et al., 2001). Cell infection was
performed at a multiplicity of infection of approximately
20 FFU/cell. In these conditions all cells in the monolayer
M.C. Ruiz et al. / Virology 333 (2005) 54–6564were infected during the first cycle as ascertained by
immunofluorescence of VP6. At the end of the infection
period maintenance medium was removed and replaced by
200 Al of MEM containing 45 Ca2+ (1 ACi per well). Uptake
was stopped after 10 min by washing the cells four times by
immersion in ice-cold PBS. After air drying, cells were
dissolved in 250 Al of 0.1% SDS. Radioactivity was
determined in aliquots by liquid scintillation counting. As
the number of cells per well was found to be constant, uptake
values for single experiments are normalized and expressed
as the relation to counts in mock-infected wells.Acknowledgments
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